Domain structure and in-plane switching in a highly strained Bi 0. 9 At room temperature, multiferroic BiFeO 3 (BFO) exhibits a rhombohedrally distorted (R) perovskite structure with a R3c space group. 1 In contrast with a R-like symmetry found in BFO films grown on substrates with relatively small lattice mismatches, a tetragonal-like (T-like) phase with a large axial ratio (c/a $ 1.24) was observed in highly strained BFO films grown on LaAlO 3 (LAO), LaSrAlO 4 (LSAO), or YAlO 3 substrates. 2, 3 Early, first-principle calculations suggested a tetragonal P4mm symmetry for that phase, with a giant polarization of 150 lC/cm 2 along the [001] direction. 4 Recent experiments rather revealed a monoclinic Mc phase with a polarization vector lying in the (100) plane in BFO films grown on LAO. 5, 6 Based on polarization measurements of BFO films with mixed T-like and R-like phases, a spontaneous polarization of $150 lC/cm 2 was further deduced for the T-like phase. 7 The vertical ferroelectric switching of this T-like phase was also studied using piezoresponse force microscopy (PFM). 8 However, the polarization hysteresis loop for the pure T-like phase has not been reported so far because of the large leakage currents existing in the ultrathin films that possess the pure Mc phase. Furthermore, the exact polarization directions and the domain switching behavior of this Mc phase in BFO thin films are still not fully elucidated.
In addition to highly strained BFO, another topic of interest is about solid solutions made from the substitution of Bi by rare-earth elements (Re) in BFO. 9 The resulting material is denoted here as BReFO, with, e.g., Re ¼ Sm, Gd, and Dy and exhibits a compositionally induced rhombohedral-toorthorhombic phase transition, which is accompanied by enhanced electromechanical response and dielectric constant. 10, 11 This structural transition was attributed to a chemical pressure originating from the ionic radii mismatch between Re and Bi. 11 Furthermore, it was recently reported that the Re substitution results in a continuous rotation of the polarization vector within the (110) plane in Sm-substituted BFO (BSFO) systems. 12 An interesting issue currently unexplored is to combine epitaxial strains and BReFO compounds, which is to investigate properties of highly strained BReFO films, in general, and to reveal how they differ from those of pure BFO (if any), in particular. In this letter, we report structural and ferroelectric properties, as well as domain switching of a 10% Sm-substituted BFO thin film grown on a LAO substrate. First-principle calculations are also conducted to better understand the differences in properties between highly strained BFO and BSFO films.
A 32-nm-thick Bi 0.9 Sm 0.1 FeO 3 (BSFO) film was grown on a (001)-oriented LAO substrate. 13 BSFO film shows a homogeneous surface with a roughness of 0.37 nm. Topographic stripes, which were previously found in BFO films grown on LAO and LSAO because of multi-phase coexistence, 2, 5 are absent, indicating that our film consists of a pure T-like phase. This is further confirmed by high resolution xray diffraction (HR-XRD) reciprocal space mappings (RSMs). The RSM around (002) shows only diffraction spots from the LAO substrate and the T-like phase ( Fig. 1(a) ). The (103) RSM of the T-like phase splits into three adjacent peaks: one peak is shifted up and another is shifted down with respect to the central peak ( Fig. 1(b) ), confirming that the T-like phase is monoclinic In other words, the average in-plane lattice parameter is basically identical between BFO and BSFO grown on LAO, but the Sm substitution leads to a decrease in the anisotropy of the in-plane lattice parameters. Similarly, the monoclinic distortion is much smaller in BSFO than in BFO, as evidenced by the increase of the monoclinic angle towards 90 after the Sm substitution.
The split in the (103) RSM also suggests the existence of domain variants in the film, which is confirmed by PFM images. The OP PFM image shows uniform purple color, indicating that the OP polarization component is pointing downwards (upper inset of Fig. 1(c) ). The IP PFM image, however, shows modulated stripe domains with three contrasts (purple, yellow, and brown) with domain walls aligned along the [110] or [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions (Fig. 1(c) ). As the cantilever of the AFM tip was aligned parallel to the [100] direction of the LAO substrate, the IP polarization directions of purple and yellow domains are parallel to [0] [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 
The arrangement of the IP polarization components is shown in the inset of Fig. 1(c) .
Quasi-planar electrodes were patterned to measure the remnant polarization hysteresis loop. 13, 16 The saturated inplane polarization and the coercive field E c are found to be 15 lC/cm 2 and 47.5 kV/cm, respectively ( Fig. 1(d) ). Because the IP electric field was applied along the [100] direction, domains with IP polarization component aligned perpendicular to the electric field will not contribute to the measured polarization. These domains correspond to purple or yellow regions which have an area percentage of 50% 6 7% in the IP PFM image (Fig. 1(c) ). Thus, it is reasonable to estimate the total IP polarization to be 30 6 5 lC/cm 2 , which demonstrates that the polarization vector in the Mc phase BSFO is tilted away from the [001] OP direction with a nonnegligible IP polarization component.
The ferroelectric domain structure within the quasiplanar channel was also monitored during the polarization switching cycle. After a voltage pulse (þ60 V and 1 ms duration) is applied to the left electrode with electric field parallel to the [100] direction, brown domains align their net IP polarization along the electric field ( Fig. 2(a) ). The yellow/ brown and purple/brown stripes correspond to the combinations of P 2 /P 1 and P 4 /P 1 domains, respectively, as shown in Fig. 2(b) . When an opposite electric field is applied, the IP polarization of P 1 domains is switched by 180
. As a result, P 1 domains are switched to P 3 domains. P 2 and P 4 domains with IP polarization perpendicular to the electric field remain unchanged (Figs. 2(c) and 2(d) ). Meanwhile, domain walls rotate 90
to avoid the formation of charged domain walls. However, OP PFM images showed no contrast change, irrespective of the polarity of the applied electric field. For the Mc phase of BFO-that has a polarization vector lying in the (100) plane 15 switching) together with a 90 domain wall rotation are observed.
For a better understanding of the effect of Sm substitution, we also carried out ab-initio calculations on a BFO and a Bi 0.875 Sm 0.125 FeO 3 (ordered) system, both being under an epitaxial strain around À4.5% (Ref. 13 ) (note that the inplane lattice parameters, a m and b m , are assumed to have the same magnitude in the calculations). Table I shows the predicted lattice vectors, as well as the Cartesian components of the polarization and of the antiferrodistortive (AFD) vector, in the ground states of BFO and BSFO films. The calculations yield a large tetragonal ratio of around 1.26 in both systems, with this ratio being slightly smaller in BSFO than in BFO. This is consistent with the aforementioned experimental results. On the other hand, the computations also predict that the considered highly strained BFO system exhibits a Cc phase with equal in-plane lattice parameters and polarization components, which disagrees with the Mc phase observed experimentally. 6, 15 This disagreement may be due to the fact that grown BFO films exhibit two different in-plane lattice parameters, as a result of a possible elastic matching between different Mc domains. 18 for pure BFO to around 9 for BSFO, which is consistent with the decrease in the monoclinic angle experimentally discovered here when going from BFO to BSFO films grown on LAO. To understand this rotation, we further decomposed the polarization inside each of the eight unit cells forming the BSFO supercell. Interestingly, the unit cell containing Sm and one of its neighboring unit cells along the y-axis are found to both have x-components of the local dipole moments aligned antiparallel to those of the 6 other unit cells, which nearly cancels the total component of the polarization along the [100] pseudo-cubic direction. This antipolar-like order may be a precursor of the antiferroelectric-like regions found in bulklike BSFO systems when the Sm concentration is increased beyond 14%. 10, 19 In summary, remnant polarization hysteresis loops obtained for a Mc phase in BSFO films show a large IP polarization of $30 lC/cm 2 . Combining the IP domain images and switching mechanisms for the Mc phase, we conclude that a 180 IP polarization switching accompanied by a 90 domain wall rotation occur in the BSFO film. Firstprinciples calculations further provide some insights into the difference of ferroelectric properties between highly strained BFO and BSFO films. 
